Ciliated airway epithelial cells are critical for mucosal barrier function, including host defense against pathogens. This cell population is often the primary target and thereby the first line of defense against many common respiratory viruses. It is also the precursor for mucous cells and thereby promotes mucociliary clearance of infectious and other noxious agents. Cells with motile cilia in other organs, e.g., brain and reproductive organs, may also have roles in development and reproduction. However, definitive proof of ciliated cell function is hampered by the lack of strategies to specifically target this cell population for loss of function in vivo. To this end, celltype specific gene promoters have been combined with the Cre/LoxP system to disrupt genes in airway and alveolar epithelial cell populations expressing surfactant protein C (SP-C) or Clara cell secretory protein (CCSP). By contrast, an analogous system to disrupt gene function in ciliated airway epithelial cells was still needed. Here we report the generation and analysis of mouse lines with a FOXJ1 promoter driving the Cre recombinase and show that this system mediates genomic recombination specifically in ciliated cells. The pattern of recombination recapitulates endogenous FOXJ1 promoter function, being restricted to ciliated cells present in pulmonary airways as well as choroid plexus, ependyma, oviduct, and testis. This transgenic mouse system thereby offers a new strategy for specific knockouts of genes in ciliated cells. It should prove extremely useful for defining ciliated cell function in airway mucosal immunity as well as development and reproduction.
Introduction
Epithelial cells with motile cilia are fundamental to normal development and ongoing function of most organisms, and abnormalities in ciliated epithelial cells are the basis for several types of human disease. In the respiratory system, ciliated cells are found in the epithelium of large and small airways as well as the paranasal sinuses and Eustachian tubes of the upper airway (1) .
Similar ciliated cells are also present within the ependyma and choroid plexus of the brain, the testis and oviduct, and within the embryonic node, a structure within the notochord that is transiently present during early development and is critical for left-right determination (2) . This distribution of ciliated cells correlates with the phenotypes for loss of ciliated cell function. Thus, inherited defects of ciliated cell function in the syndrome of primary ciliary dyskinesia can cause chronic respiratory infection based on compromised mucociliary clearance, developmental defects (e.g., situs inversus) mediated by loss of embryonic node function, and infertility due to loss of ovum and/or sperm motility in reproductive organs (3) .
While a global loss of ciliary function has been at least partially characterized, other aspects of ciliated cell function remain less certain. Progress is particularly constrained by the absence of ciliated cell-specific genetic strategies. For example, ciliated airway epithelial cells are selectively infected and thereby marked for destruction during the acute phase of viral infection (4) (5) (6) (7) (8) .
However, we cannot specifically target the viral receptors on ciliated cells that might mediate this process. Similarly, ciliated airway epithelial cells are also destroyed by cigarette smoke exposure, so that smokers with chronic bronchitis have decreased levels of ciliated epithelial cells compared to healthy nonsmokers (9, 10) . In this case as well, we cannot assign cell-type specific mechanisms of biochemical toxicity to ciliated cells. Immunopathological analysis suggests that ciliated airway epithelial cells of the respiratory tract help to repair epithelial damage after injury (11) . In that regard, ciliated airway epithelial cells may increase in numbers and act as mucous cell precursors during the long-term mucous cell metaplasia that develops after viral infection (12) . Based on studies of isolated ciliated epithelial cells, this process appears to be mediated by EGFR-dependent ciliated cell survival and IL-13-driven ciliated-to-mucous cell transdifferentiation. However, further progress would be aided by a system to selectively modify EGFR or IL-13 signaling in ciliated epithelial cells in vivo.
Several strategies could be used to target ciliated cell function in vivo, but a particularly useful one would be the capability for altering single gene function in specific cell types in the epithelium. This approach has been developed for gain of gene function by conditional expression of transgenes under the control of the surfactant protein C (SP-C) or Clara cell secretory protein page 4 (CCSP) gene promoters (13, 14) . The SP-C and CCSP promoters have also been combined with the Cre/LoxP system to achieve loss of gene function in lung epithelial cell populations expressing SP-C or CCSP, respectively (15) (16) (17) . In both cases, it has been difficult to achieve cell-type specificity for the gain or loss of gene function. The human SP-C promoter is active in bronchiolar Clara cells as well as alveolar Type II cells (18) . Similarly, the rat CCSP promoter appears to be active in ciliated and alveolar Type II epithelial cells as well as Clara cells (17, 18) .
Cell-type specificity may be decreased further in disease models, where cytokines may also influence cell lineage and corresponding markers of lineage (12) . Thus, cell-type specific transgenic systems were not yet available for lung epithelial cell populations, including ciliated epithelial cells. It was therefore difficult to study the function of specific genes expressed in a cell-type specific manner.
Here we describe the use of distinct human FOXJ1 promoter elements to permit ciliated epithelial cell-specific gene targeting. We chose this approach because the corresponding mouse Foxj1 gene is expressed mainly in ciliated cells (2) . Moreover, the endogenous mouse Foxj1 gene is necessary for ciliogenesis (19) . In addition, an initial study of the human FOXJ1 promoter revealed that it contains sufficient sequence to drive GFP transgene expression in trachea, lung, ependyma, oviduct. and testis (20) . We now develop mouse lines with a human FOXJ1 promoter driving the Cre recombinase and show that this system mediates genomic recombination specifically in ciliated cells. The pattern of recombination recapitulates endogenous FOXJ1 promoter function in ciliated cells of pulmonary airways as well as choroid plexus, ependyma, oviduct, and testis. The system should thereby prove useful for defining the function of ciliated cell genes under normal conditions and in inherited or acquired diseases with altered mucosal immunity, epithelial repair, infertility, or organ development.
Materials and Methods
Generation of transgenic mice A 1.2 kb human FOXJ1 5' flanking sequence (-1221 to -8 nt from the ATG site) was amplified from human genomic DNA using PCR primers 5'-AGGATACGGTTCCCGAGCCTGAG-3' and 5'-GGTGAATTCGGGACTCTCCGAGGGGGCGGTC-3' derived from Genbank sequence accession number AC018665 (21) . The resulting PCR product was digested with SalI (acting on a site in the promoter sequence) and EcoRI (acting on a site that was engineered into the 3' primer), and then was exchanged for the CMV enhancer and -actin promoter in pCAGG (22) (Burlingame, CA). Sections were imaged by reflected fluorescent microscopy using the Olympus system described above.
Cell culture and immunocytochemistry
In addition to studies of isolated tissues, we extended our analysis to mouse airway epithelial cells isolated from FOXJ1-Cre/ROSA mice. Mouse tracheal epithelial cells (mTECs) were isolated, cultured under air-liquid interface conditions, and prepared for immunostaining as described previously (12, 25) . For the present experiments, immunostaining for -Gal and -Tubulin-IV with DAPI counterstaining was performed as described above for tissue frozen sections.
Results and Discussion

Tissue-specific Cre expression
In the initial set of experiments, we developed FOXJ1-Cre transgenic mouse lines to determine whether the selected human FOXJ1 promoter sequence (-1221 to -8 nt from the ATG start site) was sufficient to direct tissue-specific gene expression of Cre recombinase. To generate transgenic mice, we used a FOXJ1-Cre plasmid vector that contained human FOXJ1 5'-flanking sequence and Cre cDNA coding sequence fused to rabbit -globin PolyA (Fig. 1a) . Following zygote microinjection and implantation, we identified six founders in the offspring based on PCR screening for Cre transgene integration. RNA extracted from organs of the double transgenic FOXJ1-Cre/ROSA mice were quantified for Cre expression by real-time PCR (Fig. 1b) . We found no amplification of RNA that was not subjected to reverse-transcription, confirming that the RNA was not contaminated with genomic DNA. Cre mRNA was detected in trachea, lung, brain and testis, but not in intestine, kidney, liver, muscle, and heart from each of three founder mouse lines (Fig. 1b and data not shown) . This pattern demonstrated that the human FOXJ1 
Cell-specific Cre-mediated recombination
To more precisely determine whether FOXJ1-Cre mice expressed functional recombinase activity in ciliated cells, we crossed FOXJ1-Cre mice with ROSA reporter mice (as diagrammed in Fig.   2a ). These reporter mice carry the LacZ transgene with a LoxP-flanked stop sequence, so that
Cre-mediated excision of this sequence is necessary for LacZ gene expression. Thus, in FOXJ1-Cre/ROSA double transgenic mice, Cre-mediated somatic recombination can be detected by expression and consequent activity of -Gal using the X-Gal substrate. On the basis of X-Gal staining, we found that epithelial cells from trachea and bronchus/bronchiole expressed -Gal (Fig. 2b) . This pattern of staining was found in each of the three founders that expressed Cre but in none of the Cre-negative ROSA mice.
Since our goal was to use FOXJ1 transgene expression to confine Cre mediated-recombination to ciliated epithelial cells, we next assessed higher magnification of X-Gal staining as well as colocalization of Cre recombinase activity with markers of ciliated epithelial cells. Higher magnification of X-gal stained lung tissue indicated that Cre-mediated recombination was found only in ciliated cells of the airway epithelium (Fig. 2b) . Similarly, expression of -Gal was colocalized exclusively with the ciliated epithelial cell marker -Tubulin (Fig 2c) . Expression ofGal was undetectable in tracheal and lung sections prepared from Cre-negative ROSA transgenic mice (Fig. 2c) . To further establish that genetic recombination was localized to ciliated airway epithelial cells, we also isolated mouse airway epithelial cells (mTECs) from FOXJ1-Cre/RoSA mice and cultured them under air-liquid interface conditions that allow for differentiation of ciliated epithelial cells. These experiments confirmed that -Gal expression was co-localized with page 8
-Tubulin in ciliated epithelial cells from FOXJ1-Cre/ROSA mice but not Cre-negative ROSA control mice (Fig. 2d and data not shown) . Together, these findings provided evidence that the FOXJ1 promoter drives Cre expression and thereby allows for Cre-mediated recombination selectively in ciliated airway epithelial cells.
In addition to ciliated airway epithelial cells, endogenous Foxj1 is also expressed in ependyma and choroid plexus in brain, and oviduct and testis in reproductive organs. We therefore further assessed Cre functional activity at these sites using FOXJ1-Cre/ROSA double-transgenic mice.
Consistent with endogenous Foxj1 promoter activity, we found that X-Gal staining was present in testis, oviduct, ependyma, and choroid plexus (Fig 3a) . X-Gal staining in the testis was localized primarily to the spermatocyte precursor cells (spermatogonia) that lie next to the outer membrane of the seminiferous tubule, and was not present in mature spermatocytes. This staining pattern was identical to the distribution of expression for endogenous Foxj1 (2). X-Gal staining was not detected in heart, intestine, liver, or kidney tissues. This finding was consistent with the lack of endogenous Foxj1 expression in these organs. Again, this finding supported the fidelity of the human FOXJ1 promoter elements to direct Cre expression at the same sites as the endogenous 
